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The COMPASS Collaboration is measuring the asymmetries in the azimuthal distributions of pos-
itive and negative hadrons produced in Deep Inelastic Scattering (DIS) on unpolarized protons.
The data have been collected in 2016 and 2017 with a 160 GeV/c muon beam scattering off a liq-
uid hydrogen target. The amplitudes of three modulations, AcosφhUU , A
cos2φh
UU and A
sinφh
LU are measured
as function of the Bjorken variable x, of the fraction of virtual photon energy carried by the hadron
z, and of the hadron transverse momentum with respect to the virtual photon phT . The relevance
of azimuthal asymmetries lies in the possibility to get information on the intrinsic transverse mo-
mentum of the quark as well as on the still unknown Boer-Mulders parton distribution function.
The preliminary results from 2016 data shown here confirm the strong kinematic dependencies
observed in previous measurements conducted by COMPASS, HERMES and CLAS.
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Measurement of azimuthal asymmetries in SIDIS on unpolarized protons
1. Introduction
The DIS unpolarized differential cross section for the production of a hadron h, with transverse
momentum phT in the gamma-nucleon system (GNS, Figure 1) is given, in the one-photon exchange
approximation, by the expression [1]:
dσ
phTdp
h
T dxdydzdφh
= σ0
(
1+ ε1A
cosφh
UU cosφh+ ε2A
cos2φh
UU cos2φh+λε3A
sinφh
LU sinφh
)
(1.1)
where x is the Bjorken variable, y is the fraction of beam energy carried by the virtual photon, z is
the fraction the photon energy carried by the hadron, φh is the hadron azimuthal angle measured
from the lepton plane, λ is the beam polarization and the kinematic factors ε are defined as:
ε1 =
2(2− y)√(1− y)
1+(1− y)2 , ε2 =
2(1− y)
1+(1− y)2 , ε3 =
2y
√
1− y
1+(1− y)2 . (1.2)
Figure 1: Definition of the gamma-nucleon system (GNS)
The amplitudes A f (φh)XU , commonly referred to as azimuthal asymmetries, emerge as ratios of
azimuthal-angle-dependent structure functions and the unpolarized part of the cross section. The
subscripts UU and LU refer to unpolarized beam and target, and to longitudinally polarized beam
and unpolarized target respectively. Particularly interesting are the AcosφhUU and A
cos2φh
UU asymmetries,
whose expressions at leading twist in terms of transverse momentum dependent parton distribution
functions (TMD-PDFs) and fragmentation functions (TMD-FFs) are given by:
AcosφhUU ∝
2M
Q
C
[
−(hˆ · p⊥)k
2
T
M2Mh
h⊥1 H
⊥
1 −
(hˆ · kT )
M
f1D1
]
(1.3)
Acos2φhUU ∝ C
[
−2(hˆ · kT )(hˆ · p⊥)− kT · p⊥
MMh
h⊥1 H
⊥
1
]
. (1.4)
In these expressions, hˆ is the normalized hadron transverse momentum vector with respect to the
lepton plane in the GNS, p⊥ is the transverse momentum acquired by the hadron in the fragmenta-
tion process, kT the quark intrinsic transverse momentum, M the proton mass, Mh the final hadron
mass, h⊥1 the Boer-Mulders PDF, H
⊥
1 the Collins FF, f1 and D1 the unpolarized PDF and FF re-
spectively. The symbol C [w fD] represents the convolution integral over the unobserved transverse
momenta kT and p⊥ of the PDF f and of the FF D, with a weight w.
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The term proportional to f1 in the A
cosφh
UU asymmetry is the dominant one, and is related to the
Cahn effect [2], which is due to the non coplanarity of the scattering between lepton and proton
in the initial state. Both AcosφhUU and A
cos2φh
UU depend on the convolution of the Collins FF and the
Boer-Mulders PDF. Together with information from phT -dependent multiplicities [3], unpolarized
azimuthal asymmetries measured in SIDIS are thus interesting in view of a possible extraction of
the Boer-Mulders PDF and evaluation of the intrinsic quark transverse momentum. Attempts of
extracting them from published results, however, have not been conclusive so far [4, 5, 6]. Ex-
tractions of azimuthal asymmetries have been performed in the past by COMPASS [7], HERMES
[8] and CLAS [9]. The COMPASS published results [7] have been obtained using data collected
in 2004 on a 6LiD target with a positive muons beam. The amplitudes of the cosφh and cos2φh
modulations showed strong kinematic dependencies for both positive and negative hadrons.
Recently, its has been realized by the COMPASS Collaboration [10] that hadrons from the
decay of diffractively produced vector mesons exhibit azimuthal asymmetries which contribute to
the measured asymmetries. A Monte Carlo simulation based on the Lund string model and on
the 3P0 mechanism simulating the Cahn effect has been successfully compared to the published
COMPASS data on the AcosφhUU asymmetries on deuterium.
Here we present preliminary results obtained from part of the data collected at COMPASS
during the 2016 run with a 160 GeV/c muon beam (both µ+ and µ− beams with balanced statistics,
as required by the parallel Deeply Virtual Compton Scattering measurement) and a 2.5 m long
liquid hydrogen target.
2. Extraction of azimuthal asymmetries
2.1 Data selection and available statistics
The selection of DIS events has been performed asking for a squared photon virtuality Q2 > 1
(GeV/c)2, 0.2 < y< 0.9, mass of the hadronic final state W > 5 GeV/c2 and 0.003 < x< 0.13. To
reduce the acceptance corrections, a limit was set on the polar angle in the laboratory frame of the
virtual photon: θ labγ < 60 mrad. Hadrons have been selected by requiring the material integrated
over the path of the reconstructed trajectories not to exceed 10 radiation lengths X0. Kinematic
cuts on z (0.2 < z < 0.85, to select the current fragmentation region and reduce exclusive events)
and on phT (0.1 GeV/c < p
h
T <1.0 GeV/c, for good φh definition and to avoid larger acceptance
corrections) have also been applied. The acceptance in the azimuthal angle of the scattered muon
is almost flat (Figure 3). Plots of kinematic distributions as functions of x, z and phT are given in
Figure 2. The final sample consists of almost 270 000 positive and 215 000 negative hadrons with a
positive muon beam and almost 250 000 positive and 200 000 negative hadrons for negative muon
beam.
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Figure 2: Kinematic distributions of the hadron sample. The (unnormalized) distribution of the Bjorken
variable x shows the remarkable balance between the samples collected with µ+ and µ− beams. The z and
phT distributions are also given. The shaded regions are removed with proper cuts.
Figure 3: Distribution of the scattered muon azimuthal angle φµ ′lab.The (unnormalized) distribution of the
Bjorken variable x shows the remarkable balance between the samples collected with µ+ and µ− beams.
2.2 Procedure
The unpolarized azimuthal asymmetries have been extracted alternatively as a function of x, z
and phT . For each kinematic bin, the distribution of the azimuthal angle of the hadron in the GNS
φh has been corrected for acceptance, obtained with a Monte Carlo simulation based on LEPTO
generator, and defined as the ratio of reconstructed and generated hadrons:
Acc(v,φh) =
nhrec(v,φh)
nhgen(v,φh)
(2.1)
where v is either x, z or phT . The acceptance corrections are smaller than 10% in every kinematic
bin. The central region of the φh distributions (−pi/8 < φh < pi/8) has been removed to get rid of
the contribution of radiative events. Then, the acceptance-corrected distributions have been fitted
to extract the azimuthal asymmetries.
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2.3 Results
The azimuthal asymmetries, multiplied by the corresponding kinematic factors ε , are shown
for positive and negative muon beams in Figures 4 and 5 for positive and negative hadrons re-
spectively. As expected, the asymmetries obtained with positive and negative muon beams are
compatible, and consequently they have been merged. The obtained asymmetries are given in Fig-
ure 6. While ε3A
sinφh
LU shows a flat trend in all the three kinematic variables, ε1A
cosφh
UU and ε2A
cos2φh
UU
show strong kinematic dependencies. This is particularly the case for the cosφh asymmetry, which
reaches absolute values of almost 20% when looked at as a function of z. The strong kinematic
dependencies, already observed in the past, are therefore confirmed in the current analysis.
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Figure 4: Azimuthal asymmetries for positive hadrons for the samples of data collected with positive and
negative muon beam charges. Uncertainties are statistical only.
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Figure 5: Azimuthal asymmetries for negative hadrons for the samples of data collected with positive and
negative muon beam charges. Uncertainties are statistical only.
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Figure 6: Azimuthal asymmetries for positive and negative hadrons, obtained after merging the results from
the positive and negative muon beam charges samples. Uncertainties are statistical only.
The subsample used for this preliminary analysis is limited, corresponding to only about 4%
of the full data set collected in 2016 and 2017. In Figure 7 one can see the projected uncertainty
for the full sample as compared to the published results. Assuming a stable performance of the
experimental apparatus, an overall gain by a factor of five is expected. Also, the characteristics of
the spectrometer used for the 2016 and 2017 measurements are such that systematic uncertainties
will also be largely reduced.
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Figure 7: Comparison of cosφh asymmetry projected uncertainty for the whole 2016+2017 data with the
published one [7], for positive and negative hadrons.
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3. Conclusions and perspectives
We presented COMPASS preliminary results on unpolarized azimuthal asymmetries for pos-
itive and negative hadrons produced with a positive and negative muon beam on an unpolarized
proton target. The asymmetries have been extracted as function of Bjorken variable x, fraction of
virtual photon energy carried by the hadron z and hadron transverse momentum with respect to the
virtual photon phT . The one-dimensional analysis has been performed on part of the data collected
at COMPASS in 2016, confirming the strong kinematic dependencies of azimuthal asymmetries
already observed at COMPASS with a deuteron target, at HERMES and at CLAS. The current
analysis will be extended to the full 2016 and 2017 data set, allowing for a reduction of the sta-
tistical uncertainties by a factor five with respect to the current results. Systematic uncertainties
will also be reduced. The new data will also allow a deep investigation of the contribution to the
azimuthal asymmetries from hadron produced in the decay of diffractive vector mesons. Together
with information from other measurements, the azimuthal asymmetries may lead to an extraction
of the still unknown Boer-Mulders TMD and of the quark intrinsic quark momentum kT .
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